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filed together with the international application in computer readable form, 
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Unity of Invention is lacking (see Box II). 



4. With regard to the title, 

rn the text is approved as submitted by the applicant. 
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iTES TO FORM PCT/ISAi^20 



These Notes are intended to give the basic instructions concerning the filing of amendments under article 1 9. The 
Notes are based on the requirements of the Patent Cooperation Treaty, the Regulations and the Administrative Instructions 
under that Treaty. In case of discrepancy tsetween these Notes and those requirements, the latter are applicak>le. For more 
detailed information, see also the PCT Applicant's Guide, a publication of WIPO. 

In these Notes. "Article", "Rule*, arxl 'Sectton* refer to the provisions of the PCT, the PCT Regulations and the PCT 
Administrative Instructions respectively. 



INSTRUCTIONS CONCERNING AMENDMENTS UNDER ARTICLE 19 



The applicant has, after having received the irttemationat search report, one opportunity to amend the claims of the 
international application. It should however be emphasized that, since all parts of the intemational applicaiion (claims, 
description and drawings) may lae amended during the intemational preliminary examination procedure, there is usually 
no need to file amendments of the claims undcH* Article 19 except where, e.g. the applicant wants the latter to be published 
for the purposes of provisional protection or has another reason for amending the claims before intemational pbuiication. 
Furthermore, it should be emphasized that provisional protection is available in some States only. 



What parts of the Intematioruri appHcaUon may be amended? 

Under Article 1 9, only the claims may be amended. 

During the intemational phase, the claims may also be amended (or further amended) under Article 34 before 
the Intemational Preliminary Examining Authorfty. The description and drawings may only be amended under 
Article 34 ksefors the Intemational Examining Authority. 

Upon entry into the national phase, all parts of the intemational application may be amended under Article 28 
or. where appHcatile, Aitiole 41 . 



When? Within 2 months from the date of transmittal of the international search report or 1 6 months from the priority 

date, whichever time Umit expires later. It should be noted, however, that the amendments will be considered 
as having t>ean received on time if they are received by the intemational Bureau after the expiration of the 
applicable time limit but i^efore the completion of the technical preparations for intemational publication 
(Rule 46.1). 



Where not to Hie the amendments? 

The amendments may only be filed with the Intemational Bureau and not with the receiving Office or the 
Intemational Searching Authority (Rule 46.2). 

Where a ciemand for intemational preliminary examination has been>is filed, see kselow. 



f ^-^i^. How? Either by cancelltng one or more entire claims, by adding one or more new claims or by amending the text of 

one or more of the claims as filed. 

A replacement sheet must bo submitted for each sheet of the claims which, on account of an amendment or 
amendments, differs from the sheet originally filed. 

All the claims appearing on a replacement sheet must be numtiered in Arabic numerals. Where a claim is 
cancelled, no renumbering of the other claims is required. In all cases where daims are renumtsered, they must 
be renumbered consecutively (Administrative Instructions, Section 205(b)). 

The amendmenta must be made in the language In which the International application Is to l»e published. 



What documents must/may accompany the amendments? 
Letter (Section 205(b)): 

The amendments must be sutmitted with a letter. 

The letter will not be published with the intemational application and the amended daims. It should not be 
confused with the 'Statement under Article 1 9(1 )* (see below, under "Statement under Article 1 9(1)"). 

The letter must be In English or French, at the choice of the applicant. However, If the language of the 
intemational application Is English, the letter must be In English; if the language of the intemational application 
is French, the letter must be In French. 
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The letter must Indicate the differences between the claims as fited and the claims as amended. It must, in 
particular, indicate, in connection with each claim appearing in the international application (li being understood 
that identical indications concerning several claims may be grouped), whether 

(i) the claim is unchanged; 

(ii) the claim is cancelled; 

(iii) the claim is new; 

Civ) the claim replaces one or more claims as filed; 

(v) the claim is the result of the division of a claim as filed. 



The following examples Illustrate the manner in which amendments must be explained In the 

accompanying letter: 

1 {Where originally there were 48 claims and after amendment of some claims there are 51 ): 

■Qaims 1 to 29, 31 , 32, 34, 35, 37 to 48 replaced by amended claims bearing the same numbers; 
daims 30. 33 and 36 unchanged; new claims 49 to 51 added." 



[Where originally there were 1 5 claims and after amendment of all daims there i 
'Claims 1 to 15 replaced by amended claims 1 to 1 1 .* 



Ill: 



3. [Where originally there were 14 claims and the amendments consist in canceliing some claims and in adding 
new claims]: , 

'Claims 1 to 6 and 14 unchanged; claims 7 to 1 3 cancelled; new claims 15,16 and 1 7 added, or 
•Claims 7 to 13 cancelled; new claims 1 5, 16 and 17 added; all other claims unchanged.* 

4. [Where various kinds of amendments are made]: 

-Claims 1 -1 0 unchanged; claims 1 1 to 1 3. 1 8 and 1 9 cancelled; claims 1 4. 1 5 and 1 6 replaced by amended 
daim 1 4; claim 17 subdivided into amended daims 15, 16 and 17; new daims 20 and 21 added.' 



"Statement under article 19(1)" (Rule 46.4) 

The amendments may be accompanied Isy a statement explaining the amendments and indicating any impact 
that such amendments might have on the description and the drawings (which cannot be amended under 

Artide 19(1)). 

The statement will fc>e published with the international application and the amended claims. 
It must be In the language In which the International appplication Is to be published. 

It must be brief, not exceeding 500 words if in English or if translated into English. 

It should not be confused with and does not replace the letter indicating the differences between the claims 
as filed and as amended. It must be filed on a separate sheet and must be identified as such by a heading, 
preferably by using the words "Statement under Article 1 9(1).* 

It may not contain any disparaging comments on the international search report or the relevance of citations 
contained in that report. Reference to citations, relevant to a given daim, contained in the international search 
report may be made only in connection with an amenchfient of that claim. 



Consequence If a demand for International preliminary examination has already been filed 

If at the time of filing any amendments under Article 1 9, a demand for international preliminary examination 
has already been sukxnitted, the applicant must preferably, at the same time of filing the amendments with the 
International Bureau, also file a copy of such amendments with the Intemaiional Preliminary Examining 
Authority (see Rule 62.2(a). firat sentence). 



Consequence with regard to translation of the Intemational application for entry Into the national phase 

The applicant's attention is drawn to the fact that, where upon entry into the national phase, a trarislalion of the 
daims as amended under Article 1 9 may have to be furnished to the designated/elected Offices, instead of, or 
in addition to, the b^anslation of the daims as filed. 

For further details on the requirements of each designated/elected Office, see Volume 11 of the PCT Applicant's 
Guide. 
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International application No. 
PCT/ZA 00/00161 



International filing date (day/month/year) 

05/09/2000 



(Earliest) Priority Date (day/month/year) 

07/09/1999 



Applicant 



BILLITON INTELLECTUAL PROPERTY B.V. et al . 



This International Search Report has been prepared by this International Searching Authority and is transmitted to the applicant 
according to Article 18. A copy is being transmitted to the International Bureau. 



sheets. 



This international Search Report consists of a total of 6 

It Is also accompanied by a copy of each prior art document cited in this report. 



Basis of the report 

a. With regard to the language, the international search was carried out on the basis of the international application in the 



language in which it was filed, unless otherwise indicated under this item. 

□ 



2. 
3, 



the international search was carried out on the basis of a translation of the international application furnished to this 
Authority (Rule 23.1(b)). 

b. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the International search 
was carried out on the basis of the sequence listing : 
I [ contained in the international application in written form. 
I I filed together with the international application in computer readable form. 
I I furnished subsequently to this Authority in written form. 
[ I furnished subsequently to this Authority in computer readble form. 

I I the statement that the subsequently furnished written sequence listing does not go beyond the disclosure in the 
— International application as filed has been furnished. 

I I the statement that the information recorded in computer readable form is identical to the written sequence listing has been 
furnished 

I I Certain claims were found unsearchable (See Box I). 
I I Unity of invention is lacking (see Box II). 

With regard to the title, 

I I the text Is approved as submitted by the applicant, 

nri the text has been established by this Authority to read as follows: 

RECOVERY OF PRECIOUS METAL FROM SULPHIDE MINERALS BY BIOLEACHING 



With regard to the abstract, 

nn the text is approved as submitted by the applicant. 

rn the text has been established, according to Rule 38.2(b). by this Authority as it appears in Box III. The applicant may. 
I I within one month from the date of mailing of this international search report, submit comments to this Authonty. 



6. The figure of the drawings to be published with the abstract is Figure No. 
I I as suggested by the applicant. 
I \ because the applicant failed to suggest a figure. 
pr| because this figure better characterizes the Invention. 



[ I None of the figures. 
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concentrate (A) comprises feeding (A) to at least one agitated and 
aerated reactor in presence of microorganisms at pH 1.2-2.5 and 20-50 
deg.C to produce a reaction prod, which Is filtered. 

- The reaction prod, from ttte final reactor is pref. filtered to recover 
Co and at least part of the reaction slurry prod, is recycled to the 
first reactor. The microorganisms are Thiobacillus ferrooxidans, 
heptospirillium ferrooxidans and T. thiooxidans, opt. together with 
mixed heterotrophic organisms. 

- The concentrates pref. contain cobalite and ailoclasite (and opt. also 
chalcopyrite) In a pyritic matrix and are processed esp. at 40-42 
deg.C and pH 1.5-1.7. In particular, a set of 3 reactors, all aerated 
and stirred, is used. The bioleach soln. also contains Fe and As and 
opt. Cu and Zn. It is first neutralised, e.g., with lime at pH 2.8-3 

and 25-60 deg.C to ppte. Fe(OH)3 and ferric arsenate which are 
filtered out, using unreacted pyrite and gangue to improve filtration 
of fine tiydroxide particles. Any residual FeO is oxidised, e.g., with 
air at pKI 4.5-5.5 and 40 deg.C or higher, and Fe(OH)3 filtered off. 

- USBADVANTAGE - This method provides efficient recovery of Co from 
concentrates which are normally difficult to leach. Leach of Co (and 
Cu) is Improved by a galvanic interaction between the pyritic matrix 
and the Co (or Cu) bearing minerals. (Dwg.0/5) 
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International application No. PCT/ZAOO/001 61 



I. Basis of the report 

1 With regard to the elements of the international application (Replacement sheets which have been furnished to 
the receiving Office in response to an invitation under Article 14 are referred to in this report as "originally filed" 
and are not annexed to this report since they do not contain amendments (Rules 70. 16 and 70. 1 7)): 
Description, pages: 



1-22 



as originally filed 



Claims, No.: 

1-28 



with telefax of 



08/10/2001 



Drawings, sheets: 

1/5-5/5 as originally filed 



2. With regard to the language, all the elements marked above were available or furnished to this Authority in the 
language in which the international application was filed, unless othenA^ise indicated under this item. 

These elements were available or furnished to this Authority in the following language: , which is: 

□ the language of a translation furnished for the purposes of the international search (under Rule 23.1 (b)). 

□ the language of publication of the international application (under Rule 48.3(b)). 

□ the language of a translation furnished for the purposes of international preliminary examination (under Rule 
55.2 and/or 55.3). 

3. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the 
international preliminary examination was carried out on the basis of the sequence listing: 

□ contained in the international application in written form. 

□ filed together with the International application in computer readable form. 

□ furnished subsequently to this Authority in written form. 

□ furnished subsequently to this Authority in computer readable form. 

□ The statement that the subsequently furnished written sequence listing does not go beyond the disclosure in 
the international application as filed has been furnished. 

□ The statement that the information recorded in computer readable form is identical to the written sequence 
listing has been furnished. 

4. The amendments have resulted In the cancellation of: 

□ the description, pages: 

□ the claims, Nos.: 



Form PCT/IPEA/409 (Boxes l-VIII, Sheet 1) (July 1998) 
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□ ttie drawings, sheets: 

□ This report has been established as if (some of) the amendments had not been made, since they have been 
considered to go beyond the disclosure as filed (Rule 70.2(c)): 

(Any replacement sheet containing such amendments must be referred to under item 1 and annexed to this 
report.) 



6. Additional observations, if necessary: 



V. Reasoned statement under Article 35(2) with regard to novelty, inventive step or industrial applicability; 
citations and explanations supporting such statement 

1. Statement 

Novelty (N) Yes: Claims 1-28 

No: Claims 

Inventive step (IS) Yes: Claims 1-28 

No: Claims 

industrial applicability (lA) Yes: Claims 1 -28 

No: Claims 



2. Citations and explanations 
see separate sheet 

VII. Certain defects in the international application 

The following defects in the form or contents of the international application have been noted: 
see separate sheet 

VIIL Certain observations on the international application 

The following obsen/ations on the clarity of the claims, description, and drawings or on the question whether the 
claims are fully supported by the description, are made: 
see separate sheet 
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Re Item V 

Reasoned statement under Article 35(2) with regard to novelty, Inventive step or 
industrial applicability; citations and explanations supporting such statement 

Reference is made to the following documents: 
D1 : US-A-5007620 

D2: AU-A-63007/94 (Derwent abstract) 
The document D2 was not cited In the international search report. A copy of the 
document Is appended hereto. 

The subject-matter of claims 1-25 (process) and 26-28 (system/plant) differs from the 
known method and system for recovering precious metal from a sulphide mineral (D1) 
in that the "dissolved" oxygen concentration in the bioleach slurry is controlled at a 
particular level by controlling in response thereto a feed parameter of the bioreactor. 
It follows that the subject-matter of claims 1-28 is novel, cf. Article 33(2) PCT. 

D2 discloses a bioreactor system comprising oxygen sensors for measuring the dis- 
solved oxygen concentration in the slurry in a reactor aerated by substantially pure 
oxygen. No proposal is found in D2 as to provide a feed-back control mechanism 
actuating a feed gas supply means in response to measured values of dissolved 
oxygen. Hence the subject-matter of claims 1-28 is not obviously derivable from the 
combined teachings of D1 and D2, so that the requirement of Article 33(2) in respect of 
inventive step is fulfilled. 
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FXAMINATION REPORT - SEPARATE SHEET 



Re Item VII 

Certain defects in the international application 

Contrary to the requirements of Rule 5.1 (a)(ii) PCT. the relevant background 
disclosed in the documents D1 and D2 is not mentioned in the description, n( 
these documents Identified therein. 



Re Item VIII 

Certain observations on the international application 

Claim 26 broadly defines the following features in terms of their function: control 
mechanism, recovery plant. 

However, the description and drawings (see figures 1 ,5) convey the impression that 
these functions can only be carried out in a particular way and that bioreactor and 
recovery plant are operatively connected in a particular way. and no alternative means 

are envisaged. . 
Hence, claim 26 is not supported by the description as required by Article 6 PCT. 
Furthermore the bioreactor of the claimed system (claim 26) is not clearly defined either 
by omitting to define concrete and essential design or constructional features thereof 
(Article 6 and Rule 6(3)b PCT). 



Form PCT/Separate SheeV409 (Sheet 2) (EPO-April 1997) 



22 



CLAIMS. 



1. 



2. 



A meihod Of recovering precious metal from a sulphide mineral slurry which contains the precious 
metal which includes the steps of: 

a bioleaching process at a temperature in excess of 



(a) 

(b) 
(c) 



(d) 



subjecting the slurry in a reactor 10 

supplying a feed gas which contains in excess of 21 % oxygen by volume to the slurry: 
controlling the dissolved oxygen content in the slurry at a level of from 0.2 x 1 0- kg/m' to 
10x10- kg/m' by controlling at least one of the following: the oxygen content of the feed 
gas: the feed gas supply rate; the rate of feed of the slurry to the reactor, and 
recovering precious metal from a bioieach resWue of the bioleaching process. 



A method according to claim 1 wherein the bioieach residue is subjected to a liquid/solid 
separation step to produce residue solids and solution, and precious metal is recovered from the 
residue solids. 



A meihod according to claim 2 wherein precious metal is recovered from the residue solids by a 
cyanidation process. 



A method according 
cyanidation process. 



to claim 3 which includes the step of feeding off-o« from the reactor to the 



S. 



A method according to claim 2 wherein precious metal Is recovered from the residue solids by at 
least one of the following: a resin-in-pulp process: a carbon-ln-pulp process; and a carbon-ln- 
leach process. 



A method according to any one 
neutralisation step. 



of claims 2 to S wherein the said solution is subjected to a 



7. A method according to claim 6 wherein the pH of the solution is adjusted in the neutralisation step 
by the addition of at least one of the following: limestone and lime. 
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A method^ording to claim 6 or 7 wherein the neutralisation step is carried out to precipitate 

arsenic as ferric arsenate. 

A method according to any one of claims 6 to 8 which includes the step of feeding carbon 
dioxide, generated in the neutralisation step, to the slurry in the bioleaching process. 

A method according to any one of claims 1 to 9 wherein the precious metal is at least one of the 
following: gold or silver. 

A method according to any one of claims 1 to 10 wherein the feed gas contains in excess of 85% 

oxygen by volume. 

A method according to any one of claims 1 to n which includes ihe step of controlling the carbon 
content of the slurry. 

A method accoiding to claim 12 wherein the said carbon content is controlled by one or more of 
the following: the addition of carbon dioxide gas to the slurry; and the addition of other 
carbonaceous material to the slurry. 

A method according lo any one of claims 1 to 13 which includes the step of controlling the carbon 
dioxide coniem of the feed gas in the range of from 0.5% to 5.0% carbon dioxide by volume. 

A method according to any one of claims 1 to 14 wherein the bioleaching process is carried out at 
a temperature in the range of from 40°C to lOCC. 

A method according to claim IS wherein the said temperature is in the range of from SCC to 
8S»C. 

A method according to any one of claims 1 to 14 which includes the step of bioleaching the slurry 
at a temperature of up to AS^C using mesophile microorganisms. 
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18. 



19. 



^^^^ 

A methodlcconling to claim 17 wherein the microorganisms are selected from the following 
genus groups: Acidithiobacillus; ThiobacWus; Leptosprillum: Fem>microbium; and Acidiphilium. 

A method according to daim 17 or 18 wherein the said microorganisms are selected from the 
fol.ow.ng species: AcidUNobBcinus caldus (ntobaclllus ealdus); AcidHhiobacillus thiooxidans 
(TNobaciUus thiooxidans): Acidithiobacillus ferrooxidans (Thiotacittus 16rrooxidans): 
Acidimiobacillus acidophilus (Thiobacillus acidophilus): Thiobacillus prosperus: Leptospirillum 
fermoxidans: Ferromicrobium acidophilus; and Acidiphinum cryptum. 



20. 



21. 



22. 



A method acco^ling to any one of claims 1 to 14 which includes the step of bioleaching the slurry 
at a temperature of from 45°C to 60'C using moderate thermophile microorganisms. 

A method according to daim 20 wherein the microorganisms are selected from the following 
genus groups: Acidithiobacillus (Tomierly Thiobacillus); Acidimicroblum: Sulfobaciilus; 
Ferroplasma (Ferrif^asma); and Alicyclobacillus. 

A method according to claim 20 or 21 wherein the said microorganisms are selected from the 
following species: Acidithiobacillus caldus rformerly Thiobacillus caldus); Acidimicrobium 
ferrcoxidans; Sulfobaciilus acidophilus; Sulfobaciilus disulMooxidans; Sulfobaciilus 
thermosuindooxidans; Ferroplasma acidarmar^us; Therrr^oplasrha acidophilum; and 
Aftcydotoac;//MS acidocaWWus. 



23. 



A method according to claim 16 which includes the step of bioleaching the slurry at a temperature 
of from eo^C to aS^C using thenntiophilic microorganisms. 



24. A method according to daim 23 wherein the mio-oorganisms are selected from the following 
genus groups: AcWofhemius; Sulfolobus; Metallosphaera; Acidianus; Ferroplasma 
(Ferripiasma); Thermoplasma; and Picrophilus. 

25. A method according to daim 23 or 24 wherein the said microorganisms are selected from the 
following spedes: Su*to/ob«s metaUicus; Sulfolobus acidocaldarius; Sulfolobus 
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thermosumSooxidins: Acldianus inferhus; MetaHosphaera sedula: Ferroplasrna acidarmanus: 
Thermoplasma acidophilum; Thermoplasma volcanium; and Picmf>hilus oshimae. 



26. A precious metal recovery system which includes a reactor vessel, a source which feeds a 
precious bearing metal sulphide mineral slurry to the vessel wherein a bioleaching process is 
carried out at a temperature in excess of 40"C. an oxygen source which supplies oxygen in the 
form of oxygen enriched air or substantially pure oxygen to the slurry, a device which measures 
ihe dissolved oxygen concentration in the slurry in the vessel, a control mechanism whereby, in 
response to the said measured dissolved oxygen concentration, the supply of oxygen from the 
oxygen source to the slurry is controlled to achieve a dissolved oxygen concentration in the sluny 
of from 0.2 x 10 » kg/m» to 10 x iO-» kQlm\ and a recovery plant which recovers precious metal 
from a bioleach residue from the reactor vessel. 

27. A system according to claim 26 wherein the reaaor vessel is operated at a temperature in excess 
of eol^c. 

28. A system according to claim 26 or 27 wherein the recovery plant recovers precious metal by 
means of a cyanidation process and off-gas from the reactor vessel is used in the cyanidation 

process. 
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RECOVERY OF PRECIOUS METAL FROM SULPHIDE MINERALS BY BIOLEACHING 

PAr.KnROUNP Ti^P INIVFNTION 

5 This invention relates to the recovery of precious metal from sulphide minerals. 
AS used herein the phrase "precious metal" includes gold and silver. 

commercial bioleach plants which are currently in operation treating precious metal bearing sulphide 
10 minerals, typically operate within the temperature range of ACC to 50-C and rely on sparging air to the 
bioleach reaaors to provide the required oxygen. Operation at this relatively low temperature and the use of 
air to supply oxygen, limit the rate of sulphide mineral oxidation that can be achieved. 

The use of high temperatures between SO'C and 100'C greatly increases the rate of precious metal bearing 
15 sulphide mineral leaching. 

The solubility of oxygen is however limited at high temperatures and the leaching rate becomes limited. In 
the case of using air for the supply of oxygen, the effect of limited oxygen solubility is such that the leaching 
rate becomes dependent on and is limited by the rate of oxygen transfer from the gas to the liquid phase 



SI IMMARY OF THF INVENTION 



The invention provides a method of recovering a precious metal from a sulphide mineral slurry which contains 
the precious metal which includes the steps of: 
25 (a) subjecting the slurry to a bioleaching process. 

(b) supplying a feed gas which contains in excess of 21 % oxygen by volume to the slurry, and 

(c) recovering precious metal from a bioleach residue of the bioleaching process. 
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The bioleach residue may be subjected to a liquid/solid separation step to produce residue solids and 
solution, and the precious metal may be recovered from the residue solids. 

The slurry may be an aqueous slurry containing significant quantities of precious metal eg. gold, or silver, 
bearing sulphide minerals. 

The precious metal may be recovered from the residue solids by a cyanidation process. In this fomi of the 
invention the bioleaching process of step (a) may be carried out in a reactor and the method may Include the 
step of feeding off-gas from the reactor to the cyanidation process. This would be done particularly in the 
case of gold recovery to enhance the leaching of gold. 

The precious metal may be recovered from the residue solids by at least one of the following: a resin-in-pulp 
process, a carbon-in-pulp process, and a carbon-in-leach process. 

The said solution which is obtained by the aforementioned liquid/solid separation step may be subjected to a 
neutralisation process.' In this process the pH of the solution may be adjusted by the addiOon of limestone or 
lime or both. 

The neutralisation step may be carried out to precipitate arsenic as ferric arsenate. 

AS used herein the expression "oxygen enriched gas" is intended to include a gas. eg. air. which contains in 
excess of 21% oxygen by volume. This is an oxygen content greater than the oxygen content of air. The 
expression -pure oxygen" is intended to include a gas which contains in excess of 85% oxygen by volume. 

Preferably the feed gas which is supplied to the sluny contains in excess of 85% oxygen by volume ie. is 
23 substantially pure oxygen. 

The method may include the step of maintaining the dissolved oxygen concentration in the slurry within a 
desired range which may be detennined by the operating conditions and the type of microorganisms used for 
leaching. The applicant has established that a lower limit for the dissolved oxygen concentration to sustain 
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m.croorgan>sm growth and mml^Tl oxidation, is in the range of from 0.2 x 10- kg/m- to 4.0 x lO- kg/m^. On 
the other hand if the dissolved oxygen concentration .s too high then microorganism growth is inhibited. The 
upper threshold concentration also depends on the genus and strain of microorganism used in the leaching 
process and typically is in the range of from 4x10^ kg/m' to 10 x IC kg/nrt». 

Thus, preferably, the dissolved oxygen concentration in the slurry is maintained in the range of from 0.2 x 10'' 
kg/m' to 10 X 10"^ kg/m^ 

The method may include the steps of detemiining the dissolved oxygen concentration in the slurry and. in 
response thereto, of controlling at least one of the following: the oxygen content of the feed gas. the rate of 

supply of the feed gas to the slurry, and the rate of feed of slurry to a reactor. 

The dissolved oxygen concentration in the slurry may be detemnined in any appropriate way, e.g. by one or 
more of the following, by direct measurement of the dissolved oxygen concentration in the sJuny. by 
measurement of the oxygen content in gas above the slurry, and indirectly by measurement of the oxygen 
content in off-gas from the slurry, taking into account the rate of oxygen supply, whether in gas enriched or 
pure form, to the slurry, and other relevant factors. 

The method may include the step of controlling the carbon coment of the slurry. This may be achieved by 
one or more of the following: the addition of carbon dioxide gas to the slurry, and the addition of other 

carbonaceous material to the slurry. 

The method may extend to the step of controlling the carbon dioxide content of the feed gas to the slun7 in 
the range of from 0.5% to 5% by volume. A suitable figure is of the order of 1% to 1.5% by volume. The 
level of the cartoon dioxide is chosen to maintain high rates of microorganism growth and sulphide mineral 

oxidation. 

The bioleaching process is preferably carried out at an elevated temperature. As stated hereinbefore the 
bioleaching rate increases with an increase in operating temperature. Clearly the microorganisms which are 
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used for b,oteaching are detennined by the operating temperature and vice versa. As the addition of oxygen 
enncrted gas or substantially pure oxygen to the slurry has a cost factor it is desirable to operate at a 
temperature which -ncreases the leaching rate by an amount which more than compensates for the increase 
in operating cost. Thus, preferably, the bioteaching is earned out at a temperature in excess of 40'C. 

The bioleaching may be earned out at a temperature of up to 1 0O'C or more and preferably is carried out at a 
temperature which lies in a range of from 60°C to 85*C. 

in one iorm of the invention the method includes the step of b.oleachmg the slurry at a temperature of up to 
45X using mesophiie microorganisms. These microorganisms may, for example, be selected from the 
following genus groups: 

Acidithiobacillus ^formerly Thiobacillus); Leptosprillum: Ferromicrobium: and Aadiphilium. 

m order to operate at this temperature the said microorganisms may. for example, be selected from the 
following species: * 

Acidithiobacillus caldus (Thiobacillus caldus): Acidithiobacillus thioaxidans (Thiobacillus thiooxidans): 
Acidithiobacillus ferrooxidans (Thiobacillus ferrooxidans); Acidithiobacillus acidophilus (Thiobacillus 
acidophilus): Thiobacillus prosperus: Leptospirillum ferrooxidans: Ferromicrobium acidophilus: and 
Acidiphilium cryptum. 

,f the bioleaching step is carried out at a temperature of from 45»C to 60°C then moderate them^ophiie 
microorganisms may be used. These may. for example, be selected from the following genus groups: 
Acidithiobacillus (iom^e^y Thiobacillus): Acidimicrobium: Sulfobacillus: Ferroptasma (Ferriplasma): and 

Alicyciobacillus. 

suitable moderate themiophile microorganisms may. for example, be selected from the following spec.es: 
AciditNobacillus caldus ffomieriy Thiobacillus caldus): Acidimicrobium ferrooxidans: Sulfobacllus 
acidophilus: Sulfobacillus disuindooxidans: Sulfobacillus thermosuWdooxidans: Ferroplasma acidarmanus: 
Thermoplasma acidophilum: and Alicyciobacillus acidocaldrius. 



It is preferred to operate the Wning process at a temperature in the range of from 60°C to 85^C using 
thermophilic microorganisms. These may, for example, be seiected from the following genus groups: 
Acidothermus: Suifolobus: Metallosphaera; Acidianus; Ferroptasma (Ferripiasma); Thermoplasma; and 
PicrophHus. 

Suitable tnemiophilic microorganisms may. for example, be selected from the following species: 
Suifolobus metallicus: Sulfofobus acidocaldahus: Suifolobus thermosumdooxidans: Acidianus infemus; 
Metallosphaera sedula: Ferroplasma acidarmanus: Thermoplasma acidophilum; Thermoplasma volcanium; 
and PicrophHus oshimae. 

The slurry may be leached in a reactor tank or vessel which is open to atmosphere or substantially closed, in 
the latter case vents for off-gas may be provided from the reactor. 

The invention also provides a method of recovering a precious metal from an aqueous siurry which contains 
precious metal sulphides which includes the steps of: 

(a) bioieaching the slurry at a temperature in excess of 40^*0, \ 

(b) controlling the dissolved oxygen concentration in the slurry at a value in the range of 0.2 x 10*^ kg/m' 

to 10 X 10*^ kg/m^ and 

(c) recovenng the precious metal from a bioleach residue of step (a). 

Preferably the temperature in step (a) is in excess of 60°C. A prefen-ed operating temperature is in the range 
of 60°C to 85^C. 

In step (b) the dissolved oxygen concentration may be controlled by controlling the addition of gas which 
contains in excess of 21% oxygen by volume to the slurry. 

In step (c) the bioleach residue may be subjected to a separation step to produce residue solids and solution, 
and the precious metal may be recovered from the residue solids by at least one of the following: a 
cyanidation process, a resin-in-pulp process, a carbon-in-pulp process, and a carbon-in-ieach process. 
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The invention also extends to a method of enhancing the oxygen mass transfer coeffcient from a gas phase 
,0 a liquid phase in a precious metal bearing sulphide mineral slurry which .ncludes the step of supplying a 
feed gas containing in excess of 21% oxygen by volume to the slurry. 

5 The feed gas preferably contains in excess of 85% oxygen by volume. 

The method may include the step of raising the temperature of the slurry. 



The invention further extends to a method of bioleaching an aqueous slurry containing precious metal bearing 
U, sulph.de minerals wh.ch includes the steps of bioleaching the slurry at a temperature above 40=C and 
maintaining the dissolved oxygen concentration m the slur.7 i" the range of from 0.2 x 10- kg/m' to 10 x 10- 
kg/m». 

The dissolved oxygen concentration may be maintained by supplying gas containing in excess of 21% 
13 oxygen by volume to the slurry. The temperature is preferably in the range of from SO'C to 85'C. 

The invention is also intended to cover a precious metal recovery system which includes a reactor vessel, a 
source which feeds a precious metal bearing sulphide slurry to the vessel, an oxygen source, a device which 
measures the dissolved oxygen concentration in the slurry in the vessel, a control mechanism whereby, in 
response to the said measure of dissolved oxygen concentration, the supply of oxygen from the oxygen 
source to the slurry is controlled to achieve a dissolved oxygen concentration in the slurry within a 
predetermined range, a separator for separating a bioleach res.due from the reactor vessel into residue solids 
and a solution, and a recovery plant which recovers precious metal from the residue solids. 
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various techniques may be used for controlling the supply of oxygen to the slurry and hence for controlling 
the dissolved oxygen content or concentration in the slurry at a desired value. Use may for example be made 
of valves which are operated manually. For more accurate control use may be made of an automatic control 
system. These techniques are known in the art and are not further described herein. 



AS has been indicated ox^^ and carbon dioxide may be adde^o the slurry in accordance with 

predetermined cntena. Although the addition of these materials may be based on expeaed demand and 
measurement of other performance parameters, such as iron(ll) concentration, it is preferred to mai^e use of 
suitable measurement probes to sample the actual values of the critical parameters. 

For example use may be made of a dissolved oxygen probe to measure the dissolved oxygen concentration 
in the slurry directly. To achieve this the probe is immersed in the slurry. The dissolved oxygen 
concentration may be measured indirectly by using a probe in the reaaor off-gas or by transmitting a sample 
of the off-gas. at regular intervals, to an oxygen gas analyser. Again it is pointed out that measuring 
techniques of this type are known in the art and accordingly any appropriate technique can be used. 

A preferred approacn to the control aspect js to utilise one or more probes to measure the dissolved oxygen 
concentration in the slurry, whether directly or indirectly. The probes produce one or more control signals 
which are used to control the operation of a suitable valve or valves, eg. solenoid valves, automatically so 
that the supply of oxygen to an air stream which is being fed to the slurry is varied automatically in 
accordance with real time measurements of the dissolved oxygen concentration in the sluny 

Although it is preferred to control the addition of oxygen to a gas stream which is fed to the slurry a reverse 
approach may be adopted in that the oxygen supply rate to the reaaor vessel may be maintained 
substantially constant and the rate of supply of the sulphide mineral slurry to the reactor vessel may be varied 
to achieve a desired dissolved oxygen concentration. 

The invention is not limited to the actual control technique employed and is intended to extend to variations of 
the aforegoing approaches and to any equivalent process. 

Gold and silver bearing iron sulphide flotation concentrates frequently contain pyrrhotite and under these 
conditions the method of the invention is of particular benefit, because pyrrhotite has a high leaching rate 
even at typical mesophile operating temperatures, which is further increased at the higher temperatures used 
with moderate and extreme thermophiles. Thus the benefits of the invention, including a high specific reactor 
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sulphide oxidation duty and reduced specific power requirerrient for oxidation, will be obtained dunng the 
bioleaching of typical gold bearing sulphide concentrates, even at mesophile operating temperatures. 

It is well known that bioleach residues continumg relatively high levels of elemental sulphur result in high 
consumptions of cyanide in the subsequent cyanidation process for recovery of gold. 

The low level of elemental sulphur present in the bioleach residues produced by bioleaching with 
thermophiles leads the applicant to believe that cyanide consumption in the gold and silver leaching stage will 
be substantially reduced, bringing significant cost savings. Typical mesophile bioleach residues arising from 
the treatment of gold beanng sulphides consume 10 - 20kg/t of sodium cyanide, which could be reduced to 
around less than 2kg/t. The savings on a plant treating 150 000 tonnes per annum concentrate, y.eldmg 100 
000 tonnes per annum of bioleach residue, would be of the order of USS0.8 to 1 .2 million per annum. 



The reactor off-gas. if richer in oxygen than air. may optionally be added to the cyanidation process (when 
15 used) to enhance the leaching of gold. 

RPrPP ngSCRIPTinNI OF THE DRAWINGS 
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The invention is further described by way of example with reference to the accornpanying drawings in which. 
Figure 1 is a schematic representation of a portion of a plant in which the invention is earned out. 
Figures 2. 3 and 4 reflect various results and parameters obtamed from operating a bioreaaor using the 
principles of the invention, and 

Figure 5 is a process flow chart of the method of the invention applied to the recovery of gold and silver. 



npc;r.RiPT10f^i HP PRFFEPRgQ EMBODIMENT 



npneral Principles 

The hmitation of low oxygen solubility during bioleaching. using air. at high temperatures, wtiich in turn limits 
the rate of reaction, requires enrichment of the air with oxygen ie. air with an oxygen content greater than 
21% by volume, or the use of pure oxygen (defined as being greater than 85% oxygen by volume). The use 
of oxygen enriched air or pure oxygen overcomes the limited rate of reaction due to oxygen supply 
constraints, but has two major disadvantages: 

a) the provision of oxygen enriched air or pure oxygen is expensive and requires a high utilisation (>60%) of 
the oxygen to warrant the additional expense and 

b) if the oxygen level in solution becomes too high microorganism growth is prevented and sulphide mineral 

bioleaching stops 

Therefore, in order to realise the benefits of high rates of sulphide mineral leaching at high temperatures in 
commercial bioleaching plants, the drawbacks of requiring expensive oxygen and the risk of failure if the 
dissolved oxygen levels become too high must be overcome. 

The bioleaching of sulphide minerals at an elevated temperature results in a high rate of sulphide mineral 
oxidation, but is dependent on the supply of oxygen and carbon dioxide to maintain high rates of sulphide 
mineral oxidation and of microorganism growth at adequate rates. The absorption of oxygen and carbon 
dioxide in the bioleaching reactor is limited, in each case, by the rate of mass transfer from the gas phase into 
the solution phase. For oxygen the rate of oxygen absorption is defined by equation (1) as follows: 

R = M. (C--CJ (1) 
where: R = Oxygen demand as mass (kg) per unit volume (m") per unit time(s) (kg/m'/s). 

M = Oxygen mass transfer coefficient in reciprocal seconds (s''), 

C* = Saturated dissolved oxygen concentration as mass (kg) per unit volume (m») (kg/m»). 
and 
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C, = Dissolved oxygen concentration in solution as mass (kg) per unit volume (m') 
(kg/m'). 

The factor (C* - C.) is referred to as the oxygen driving force. A similar equation may be used to descnbe the 
rate of carbon dioxide supply to the solution. If the sulphide mineral oxidation rate is increased the oxygen 
demand -ncreases proportionately. To meet a higher oxygen demand either the oxygen mass transfer 
coefficient (M) or the oxygen dnving force (C'-CJ must be increased. 

An increase in the oxygen mass transfer coefficient may be achieved by mcreasmg the power input to the 
bioleach reactor mixer. This improves gas dispersion in the sulphide mineral slurry. With this approach, 
however, an increase in the oxygen mass transfer coefficient of. for example, A0% requires an increase in the 
power input to the mixer by a factor of as much as 200%. with a commensurate increase m operating costs. 

The oxygen driving force may be increased by increasing the saturated dissolved oxygen concentration C 
15 and reducing the dissolved oxygen content or concentration C^. 

Microorganism population growth is limited or prevented if the dissolved oxygen concentration C* reaches too 
high a level. A concentration level above 4x10- kg/m^ has been found to be detrimental to Su/fo/obus-like 
strains. Certain AcidithiobsciUus strains, however, have oeen found to be tolerant to dissolved oxygen 
concentrations of up to 10 x 10"' kg/nr". 



The applicant has established that a lower limit for the dissolved oxygen concentration to sustain 
microorganism growth and mineral oxidation is in the range of from 0.2 x 10- kg/m^ to 4.0 x 10- kg/m'. 
Thus, in order to provide an adequate, or optimum, supply of oxygen, the dissolved oxygen concentration in 
the sulphide mineral sluny must be monitored and. where appropnate. the addition of oxygen to the sulphide 
mineral slurry must be controlled in order to maintain the minimum dissolved oxygen concentration in solution 
at a value of from 0.2 x 10- kg/m* to 4.0 x lO'' kg/m». 
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m # 

vePBtygen concentration must not exceed airup 



on the other hand the dissolvlRygen concentration must not exceed mpper threshold value at which 
microorganism growth is prevented. It is pointed out that the upper threshold concentration depends on the 
genus and strain of microorganism used m the b.oieaching process. A typical upper threshold value is in the 
range of from 4 x lO'' kg/m^ to 10 x 10 =" l(g/m^ 

As has been previously indicated the rate of sulphide mineral oxidation, which can be achieved when 
operating at a relatively lov/ temperature of the order of from 40'C to 55*C, is limited. In order to increase the 
rate of oxidation it is desirable to make use of themiophiles and to operate at temperatures in excess of 60'C. 
Any suitable microorganism capable of operating within this temperature range may be used. The optimum 
operating temperature is dependent on the genus and type of microorganism used. Thus moderate 
themiopniles of the type Sulfobacillus are suitable for operating at a temperature of up to 65'C. Themiophiles 
of the type Sulfolobus are suitable for operating at temperatures of from 60*C to at least 85'C. Sulfolobus 
metallicus. for example, shows optimal growth in the temperature range of from 65'C to 70'C. 

The applicant has established that the operation of the bioleaching process, using a gas enriched with 
oxygen, or pure oxygen, as the oxidant, at elevated temperatures of from 40'C to 85'C: -.^ 

increases the specific sulphide oxidation duty of the reactor considerably: 

results in an unexpected and significantly enhanced oxygen mass transfer rate; 

increases the oxygen utilisation, providing that the dissolved oxygen concentration is controlled above the 
point where microorganism growth and mineral oxidation are prevented and below the point at which 
microorganism growth is inhibited: and 

the overall power required for the oxidation of sulphide minerals is significantly reduced. 

The method of the invention represents a significant improvement compared to a bioleach operation carried 

out at a temperature of from 40*'C to 45°C with air 

The controlled addition of oxygen enriched air or pure oxygen directly into the bioreactor improves the oxygen 
utilisation efficiency. The oxygen utilisation for a conventional commercial bioleach plant (at least 100m* in 
volume) operating at from 40'C to 45'C with air may be expected to achieve a maximum oxygen utilisation 
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factor of from 40% to 5Qo/o. Consequently only 40% to 50% of the total mass of oxygen supplied to the 
bioleach plant is used to oxidise the sulphide minerals, mm the method of the invention the oxygen utilisation 
is Significantly higher, of the order of from 60% to 95%. The higher oxygen utilisation is achieved by 
controlled oxygen addition and results from the enhanced oxygen mass transfer rate and by operating at low 
dissolved oxygen concentrations in the solution phase. 

„ will be appreciated that although high oxygen demand in bioleach reactors has come about pnmarily by the 
use of higher temperatures, rapidly leaching sulphide m.nerais ai temperatures below SO'C. using mesophile 
or moderate themiophile microorganisms, will have similarly high oxygen demands. The method of the 
invention is therefore not restricted to suit themnophiles or extreme them,ophiles, but also mesophile and 
moderate thermophiie microorganisms. 



Another advantage of usmg air enriched with oxygen or pure oxygen is that the evaporation losses are 
reduced, because there is less inert gas removing water vapour from the top of the reactor. Th>s .s 
15 particularly important in areas wrtiere water is scarce or expensive. 



In 



carrying out the method of the invention the temperature of the slurry in the bioleach vessel or reactor may 
be controlled m any suitable way known in the art. In one example the bioleach reactor is insulated and 
heating takes place by means of energy which .s released by the oxidation of sulphides. The temperature of 
20 the slurry is regulated using any suitable cooling system, for example an internal cooling system. 

Table 1 Shows typical data for specific sulphide oxidation duty and oxygen utilisation, when bioieaching with 
air at 40'C to 45"C. in two commercial bioreactors. Plant A and Plant B respectively, (greater than 100m' in 
volume). 
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Table 1 Commercial Rioreac^ lfcrforTnance Results 



[ Descnpiion 

i 


Units 


Plant A 


Plant B 


Reactor temperature 




42 


40 


Reactor operating volume 


m'' 


471 


896 


Oxygen utilisation 


% 


37.9 


43.6 


Typical dissolved oxygen concentration 


mg/l 


2.5 


2,7 


Oxygen mass transfer coefficient 


s' 


0.047 


0.031 


Specific oxygen demand 


kg/m7day 


21.6 


14.8 


Specific sulphide oxidation duty 


kg/m-'/day 


8.9 


5.7 


Specific power consumption per kg sulphide 
oxidised 


kWh/kgS'" 


1.7 


1.8 



At low temperatures (40°C - 50°C). with air as the inlet gas, which applies to the results for the commercial 
reactors. Plant A and Plant B. presented in Table 1, the oxygen utilisations achieved are expected and the 
oxygen mass transfer coefficients (M) correspond to the applicant's design value. The applicant has 
determined that if the method of the invention were to be applied to Plant A. the plant perfomiance would be 
significantly Increased, as indicated by the results presented in Table 2. 



Table 2 Predicted Improvement in Commercial Bioreactor Perfomiance 



: : Units 


Plant A - typical | Plant A - using the \ 
operation i method of the invention 


Reactor temperature 




42 


77 


MicroDial type strain 




AddithiobaciUus 


Sulfoiobus 


Iniei gas oxygen content 


% by volume 


20.9 


90.0 


Oxygen utilisation 


% 


37.9 


93.0 


Typical dissolvea oxygen concentration 


mg/l 


2.5 


2-5 


1 Specific oxygen demand 


kg/m-'/day 21 .6 


59.5 


Specific sulphide oxidation duty 


kg/m7day 


8.9 


24.5 


Specific power consumption per kg 
sulphide oxidised 


kWhykgS-* 


1.7 


1.2 
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The results clearly show the benefit of the invention in achieving higher rates of reaction by the combination 
of bioleaching at high temperature, adding oxygen enriched gas and by controlling the dissolved oxygen 
concentration to a predetemiined low level (e.g. 0.2 x 10- kg/m^ to 4.0 x 10- kg/m' ). The specific sulphide 
oxidation duty of the reactor is increased by almost threefold. Clearly the upper dissolved oxygen 
5 concentration should not be increased above a value at which microorganism grov^h is inhibited or stopped. 

Even though additional capital for the production of oxygen is required, the savings in reactor and other costs 
at least offset this additional expense. Additionally, the specific power consumption per kg sulphide oxidised 
is decreased by approximately one-third. In a plant oxidising 300 tonnes of sulphide per day. the power 
10 saving, assuming a power cost of USS0.05 per kWh. would amount to USS2.8 million per annum. The high 
oxygen utilisation and increased specific sulphide oxidation capacity of the reactor represent in combination a 
considerable improvement over conventional bioleaching practice conducted at lower temperatures, with 
oxygen supplied by air. 

15 Bioleaching Plant 

Figure 1 of the accompanying drawings shows a bioleaching plant 10 in which bioleaching is carried out. in 
accordance with the principles of the invention. 



The plant 10 includes a bioreactor 12 with an agitator or mixer 14 which is driven by means of a motor and 
gearbox assembly 16. 

In use a tank or vessel 18 of the reactor contains a sulphide mineral slurry 20. An impeller 22 of the agitator 
is immersed in the slurry and is used for mixing the slurry in a manner which is known in the art. 

A probe 24 is immersed in the slurry and is used for measuring the dissolved oxygen concentration in the 
slurry. A second probe 26. inside the tank 18 above the surface level 28 of the slurry, is used for measuring 
the cartjon dioxide content in the gas 30 above the slurry 20. 
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a^lllfeioxide source 34 and an air source ^^^e 



An oxygen source 32. a caSIFdioxide source 34 and an air source 3TOe connected through respective 
control valves 38. 40 and 42 to a sparging system 44. positioned in a lower zone inside the tank 18. 

Immersed in the slurry 20. 

The proDe 24 Is used to monitor the dissolved oxygen concentration in the sulphide mineral slurry 20 and 
provides a control signal to a control device 46. The control device controls the operation of the oxygen 
supply valve 38 in a manner which is known in the art but in accordance with the principles which are 
described herein in order to maintain a desired dissolved oxygen concentration in the slurry 20. 

The probe 26 measures the carbon dioxide content in the gas above the sulphide mineral slurry 20. The 
probe 26 provides a control signal to a control device 48 which, in turn, controls the operation of the valve 40 
in order to control the addition of carbon dioxide from the source 34 to a gas stream flowing to the sparger 44. 

The air flow rate from the source 36 to the sparger 44 is controlled by means of the valve 42. Nonmally the 
valve is set to provide a more or less constant flow of air from the source 36 to the sparger and the additions 
Of oxygen and carbon dioxide to the air stream are controlled by the vaives 38 and 40 respectively. Although 
this is a preferred approach to adjusting the oxygen and carbon dioxide contents in the airflow to the sparger 
other techniques can be adopted. For example it is possible, although with a lower degree of preference, to 
adjust the air stream flow rate and to mix the adjustable air stream with a steady supply of oxygen and a 
vanable supply of carbon dioxide, or vice versa. Another possibility is to have two separate air stream flows 
to which are added oxygen and carbon dioxide respectively. Irrespective of the technique which is adopted 
the objective remains the same, namely to control the additions of oxygen and carbon dioxide to the slurry 
20. 

Slurry 50 is fed from a slurry feed source 52 through a control valve 54 and through an inlet pipe 56 into the 
interior of the tank 18. The slurry feed rate may be maintained substantially constant, by appropriate 
adjustment of the valve 54. to ensure that slurry is supplied to the tank 18 at a rate which sustains an 
optimum leaching rate. The supplies of air, oxygen and carbon dioxide are then regulated, taking into 
account the substantially constant slurry feed rate, to achieve a desired dissolved oxygen concentration in the 
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Slurry 20 in the tank, and a desired carbon dioxide cement in the gas 30 above the slurry. Although this is a 
preferred approach it is apparent that the slurry feed rate could be adjusted, in response to a signal from the 
probe 24. to achieve a desired dissolved oxygen concentration in the slurry. In other words the rate of 
oxygen addition to the slurry may be kept substantially constant and the slurry feed rate may be varied 
5 according to requirement. 

Another variation which can be adopted is to move the probe 24 from a position at which it is immersed in the 
slurry to a position designated 24A at which it is located in the gas 30 above the level 28. The probe then 
measures the oxygen contained in the gas above the slurry le. the bioreactor off-gas. The oxygen content in 
10 the off-gas can also be used as a measure to control the dissolved oxygen concentration in the slurry, taking 
any other relevant faaors into account. 

Conversely it may be possible to move the carbon dioxide probe 26 (provided it is capable of measuring the 
dissolved carbon dioxide content) from a position at which it is directly exposed to the gas 30 to a position 
15 designated 26A at whidh it is immersed in the slurry in the tank. The signal produced by the probe at the 
position 26A is then used, via the control device 48, to control the addition of carbon dioxide from the source 
34 to the air stream from the source 36, 

Although the carbon dioxide source 34. which provides carbon dioxide in gasjomn. is readily controllable and 
20 represents a preferred way of introducing carbon into the siurry 20. it is possible to add suitable carbonate 
materials to the siurry 50 before feeding the slurry to the reactor. Carbonate material may also be added 
directly to the sulphide mineral slurry 20 in the reactor. In other cases though there may be sufficient 
carbonate in the sulphide mineral slurry so that it is not necessary to add carbon, in whatever fonm, to the 
slurry nor to control the carbon content in the slurry. 

25 

It is apparent from the aforegoing description which relates to the general principles of the invention that the 
supply of oxygen to the slurry is monitored and controlled to provide a desired dissolved oxygen 
concentration level in the slurry 20. This can be done in a vanety of ways eg. by controlling one or more of 
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the following in an appropriat^^nner namely: the slurry feed rate, th^ 
oxygen flow rate from the source 32, and any variation of the aforegoing. 





low rate from the source 36, the 



The carbon dioxide flow rate is changed in accordance with the total gas flow rate to the sparger 44 in order 
to maintain a concentration in the gas phase, i.e. in the gas stream to the reaaor, of from 0.5% to 5% carbon 
dioxide by volume. This carbon dioxide range has been found to maintain an adequate dissolved carbon 
dioxide concentration in the slurry, a factor which is important in achieving effective leaching. 

The addition of oxygen to the sulphide mineral slurry 20 is controlled in order to maintain the minimum 
dissolved oxygen concentration in solution at a value of from 0.2 x 10*^ kg/m^ to 4.0 x lO'' kg/m^. The upper 
threshold value depends on the genus and strain of microorganism used in the bioleaching process and 
typically is in the range of from 4x10*^ kg/m^ to 10 x 10"=* kg/m^. 

Figure 1 illustrates the addition of oxygen from a source 32 of pure oxygen. The pure oxygen can be mixed 
with air from the source 36. Any other suitable gas can be used in place of the air. The addition of oxygen to 
air results to what is referred to in this specification as oxygen enriched gas ie. a gas with an oxygen content 
in excess of 21% by volume. It is possible though to add oxygen substantially in pure form directly to the 
slurry. As used herein pure oxygen is intended to mean a gas stream which contains more than 85% oxygen 
by volume. 

The temperature in the bioleach reaaor or vessel may be controlled in any appropriate way using techniques 
which are known in the art. In one example the tank 18 is insulated and heating takes place by means of 
energy which is released by the oxidation of sulphides. The temperature of the slurry 20 is regulated using 
an internal cooling system 70 which includes a plurality of heat exchanger cooling coils 72 connected to an 
external heat exchanger 74. 



The vessel 18 may be substantially sealed by means of a lid 80. Small vents 82 are provided to allow for the 
escape of off-gas. The off-gas may. if required, be captured or treated in any appropriate way before being 
released to atmosphere. Altematively. according to requirement, the tank 18 may be open to atmosphere. 



10 
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The microorganisms chosen for the leaching process will detennine the leaching temperature, and vice 
versa. The applicant has found that a preferred operating temperature is above 60°C. for example in the 
range of 60^C to SS^'C. In this range thermophilic microorganisms, in any appropriate combination, are 
employed. In the range of from 45°C to 60°C, on the other hand, moderate themiophiles are employed while 
at temperatures below 45°C mesophiies are used. These microorganisms may, for example, be chosen from 
those referred to hereinbefore. 

Although the benefit of adding oxygen to the slurry which is to be leached, by making use of oxygen enriched 
air or, more preferably, by making use of substantially pure oxygen le. with an oxygen content in excess of 
85%. is most pronounced at high temperatures at which greater leaching rates are possible, a benefit is 
nonetheless to be seen when oxygen enriched air or substantially pure oxygen is added to the slurry at lower 
temperatures, of the order of 40^C or even lower. At these temperatures the leaching rates are slower than 
at elevated temperatures and although an Improvement results from using oxygen enriched air the cost 
thereof is generally not warranted by the relatively small increase in leaching rate. 

Test Results 



The importance of maintaining an adequate supply of oxygen and hence a sufficiently high dissolved oxygen 
concentration to sustain microorganism growth and mineral oxidation is shown in the results presented in 
2u Fioure 2. If the dissolved oxygen is allowed to drop below 1.5 ppm. and particularly below 1.0 ppm. 
biooxidation becomes unstable, which is indicated by higher iron(ll) concentrations in solution, of greater than 
2 g/l. At consistent levels of biooxidation. achieved by maintaining a dissolved oxygen concentration above 
1.5 ppm. in this experiment, iron(ll) is rapidly oxidised to iron(III). and iron(ll) concentrations remain generally 
below 1.0 g/l. 

25 

The results presented in Figure 2 were obtained from operation of a first or primary reactor of a continuous 
pilot plant treating a chalcopyrite concentrate at a feed solids concentration of 10% by mass ana a 
temperature of 77''C, with Suffoiobus-Wke archaea. 
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The effect of increasing the lB|en content of the feed gas to a biore^frr and controlling the dissolved 
oxygen concentration, in accordance with the principles of the invention, was tested in an experiment using a 
5m'^ bioreactor which was operated with a continuous pyrite or blended pyrrhotite and pyrite flotation 
concentrate feed, at a temperature of about 77'C, using a mixed culture of Sulfoiobus-Wke archaea and a 
solids density of 10% by mass. The cartDon dioxide content in the bioieach inlet gas was controlled at a level 
of between 1 and 1 .5 % by volume. The dissolved oxygen concentration was generally within the range 0.4 x 
10"^ kg/m^ to 3.0 x 10*^ kg/m^. The results of the experiment are presented in Figure 3. 

From the graphs presented in Figure 3 it is clear that, when sparging with air (enriched with carbon dioxide: 
20.7% oxygen and 1.0% carbon dioxide), the maximum oxygen demand (directly proportional to the sulphide 
oxidation duty) was limited to 11.3 kg/m'/day. since the dissolved oxygen concentration which was 
achievable using air only (i.e. not enriched with oxygen) was just sufficient to maintain microorganism growth. 

By controlling the oxygen content of the inlet gas. the oxygen addition rate, and the dissolved oxygen 
concentration in the sluny in the range of 0.4 x 10'^ kg/m^ to 3.0 x 10'^ kg/m'. the oxygen demand, i.e. the 
sulphide mineral oxidation rate, was increased dramatically. The dissolved oxygen concentration was 
controlled to a low value, but above the minimum limit for successful microorganism growth, so that the 
utilisation of oxygen was maximised. The results show the oxygen demand, or sulphide oxidation duty, was 
increased by over threefold. Thus by increasing the oxygen content in the inlet gas from 20.7% to a maximum 
of 90.8% the specific oxygen demand was increased from 11.3 kg/m^/day to 33.7 kg/mVday. In addition, by 
controlling the dissolved oxygen concentration to a low value, but above the minimum value for sustained 
microorganism growth, the oxygen utilisation was maximised. The oxygen utilisation showed a general 
Increase with an increase in the oxygen content of the inlet gas from 29% (for an inlet gas oxygen content of 
20.7%) to 91% (for inlet gas containing 85.5% oxygen). 

The high oxygen utilisations achieved of well over 60% are much better than expected. Analysis of the results 
indicates that the oxygen mass transfer coefficient (M). as defined by equation (1). is significantly and 
unexpectedly enhanced for operation of the bioreactor at a high temperature (77**C ) and with a high oxygen 
content in the inlet gas (from 29% to 91% in the experiment). In fact, the oxygen mass transfer coefficient (M) 
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is increased by a faaor of 2.69. on average, compared to the applicant's design value. This enhancement is 
after considering the improvement in the mass transfer coefficient due to temperature, which would be 
expected to increase the value of M by a factor of 1.59 for a temperature increase from 42°C to 77°C. 
according to the temperature con-ection factor proposed by Smith et al This correction factor has been 
5 demonstrated experimentally to be valid for a temperature in the range of from 1 5°C to 70°C . 

The determination of the enhanced oxygen mass transfer coefficient is shown from the results presented in 
Figure 4. where the oxygen demand divided by the design oxygen mass transfer coefficient (Moes-gn) is plotted 
against the oxygen driving force, as defined in equation (1). The slope of the regression line plotted through 
10 the data indicates the enhancement in the oxygen mass transfer coefficient by a factor of 2.69. 

Process Example 

The inventive principles in the preceding section have been described in the context of sulphide minerals in 
15 general and. as will be appreciated by those skilled in the art, these principles can be applied to precious 
metal bearing sulphide minerals. 

Figure 5 of the accompanying drawings is a flow sheet representation of the method of the invention applied 
to the recovery of gold and silver from a gold and silver bearing sulphide concentrate which is in slurrv fonn. 
20 The slurry is designated by the reference numeral 50. The plant shown in Figure 1 bears the reference 
numeral 10 and the oxygen and carbon dioxide sources 32 and 34 respectively in Figure 1 are similarly 
labelled in Figure 5. The control techniques which have been descnbed in connection with Figure 1 are used 
to regulate the operation of the plant 10 in Figure 5. 

25 The slunv 50 is leached in the plant 10 containing one or more bioleach reactors using oxygen enriched gas 
or substantially pure oxygen 32 as the oxidant. The oxygen concentration in the plant 10 is controlled to a 
suitable value depending on the type of microorganism used for leaching. 



A residue slurry 100 produced by the plant 10 contains solubilised iron predominantly in the feme state and if 
30 arsenic is present in the concentrate this appears in solution in the pentavalent state. The residue slumy 100 
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is subjected to a liquid/solid ^pfraiion step 102 producing washed sdHW 104 which are treated for gold 
recovery in a suitable way eg. by cyanidation, a carbon-in-pulp, a carbon-in-leach, or a resin-in-pulp. process 
106. Residue slurry 108 produced by the step 106 is disposed of. The precious metal content is subjected to 

a further recovery process 110 eg. elution and gold electrowinning steps. These aspects are known in the art 
and consequently are not further described herein. 



Solution 112 produced in the liquid/solid separation step 102, which contains all of the solubilised nnetai such 
as iron and arsenic, is fed to a neutralisation step 114 where the pH of the solution is adjusted by the addition 
of limestone 116 and lime 118 resulting in the precipitation of arsenic as an environmentally stable feme 
arsenate 120 which is then disposed of. If there is insufficient carbonate in the slurry 50, in the plant 10, then 
some of the carbon dioxide gas 122. generated in the neutralisation step, is directed to the slurry in the 
bioleach plant. This may be done by adding the carbon dioxide to the source 34 or blending the carbon 
dioxide with the gas stream from the oxygen source 32. 



Off-gas 130 from the reactor 10, if richer in oxygen than air, may be added to the cyanidation process 106 
(when employed) to enhance the leaching of gold and reduce the cyanide consumption. - 

Anticipated Results in ApplvinQ the Method of the Invention to the Recovery of Gold and Silver 

The following results were achieved by applying the method of the invention to the leaching of a West 
Australian nickel concentrate. The applicant is of the opinion that similar results would be achieved when 
leaching gold (or silver) bearing sulphide minerals, operating under similar conditions. 

Table 3 Sulphur Compounds in Nickel Bioleach Residues 





Thermophile Bioleach 


Mesophile Bioleach 

1 


Sulphide Sulphur % by Mass 


0.4 


4.0 


Elemental Suipnur % by Mass 


0.2 


3.5 


Temperature "C 


65"C - 68^*0 


40°C-45"C 


Microorganism 


SuifoiotDuS'itke archaea 


AcidithiobaciHus - type strain 


% solids by weight 


15 


11.9. 
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CLAIMS 

1. A method of recovering a precious metal from a sulphide mineral slurry which contains the precious 
metal which includes the steps of: 

(a) subjecting the slurry to a bioleaching process. 

(b) supplying a feed gas which contains in excess of 21% oxygen by volume to the slurry, and 

(c) recovenng precious metal from a bioleach residue of the bioleaching process. 

2. A method according to claim 1 wherein the bioleach residue is subjected to a liquid/solid separation 
step to produce residue solids and solution, and precious metal is recovered from the residue solids. 

3. A method according to claim 2 wherein precious metal is recovered from the residue solids by a 
cyanidation process. 

4. A method according to claim 3 wherein the bioleaching process of step (a) is carried out in a reactor 
and which includes the step of feeding off-gas from the reactor to the cyanidation process. 

5. A method according to claim 2 wherein precious metal is recovered from the residue solids by at 
least one of the following: a resin-in-pulp process; a carbon-in-pulp process: and a carbon-in-leach 
process. 

6. A method according to any one of claims 2 to 5 wherein the said solution is subjected to a 
neutralisation step. 

7. A method according to claim 6 wherein the pH of the solution is adjusted in the neutralisation step by 
the addition of at least one of the following: limestone and lime. 

8. A method according to claim 6 or 7 wherein the neutralisation step is earned out to precipitate arsenic 
as ferric arsenate. 
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A method according to any one of claims 6 to 8 which includes the step of feeding carbon dioxide, 
generated in the neutralisation step, to the slurry in the bioleaching process. 

A method according to any one of claims 1 to 9 wherein the precious metal is at least one of the 
following: gold or silver. 

A method according to any one of claims l to 10 wherein the feed gas contains in excess of 85% 
oxygen by volume. 

A method according to any one of claims 1 to 1 1 which includes the step of controlling the supply of 
the feed gas to the slurry to maintain the dissolved oxygen content in the slurry within a desired 
range. 

A method according to claim 12 wherein the said dissolved oxygen content is maintained in the range 

Of from 0.2 x 1 0"=* kg/m^ to 1 0 x 1 0'' kg/m\ 

A method according to any one of claims 1 to 13 which includes the step of controlling the carton 
content of the slurry. 

A method according to claim 14 wherein the said carbon content is controlled by one or more of the 
following: the addition of carbon dioxide gas to the slurry, and the addition of other carbonaceous 
material to the slurry, 

A method according to any one of claims 1 to 15 which includes the step of controlling the carton 
dioxide content of the feed gas in the range of from 0.5% to 5.0% cartoon dioxide by volume. 

A method according to any one of claims 1 to 16 which includes the step of bioleaching the slurry at a 

temperature in excess of 40 °C. 
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18. A method according to claim 17 wherein the said temperature is in the range of from 40°C to 100°C. 

19. A method according to claim 18 wherein the said temperature is in the range of from 60°C to 85°C. 

5 20. A method according to any one of claims 1 to 16 which includes the step of bioleaching the slurry at a 
temperature of up to 45°C using mesophiie microorganisms. 

21. A method according to claim 20 wherein the microorganisms are selected from the following genus 
groups: Acidithiobadilus; ThiobacWus; Leptosprillum: Ferromicrobium; and Acidiphilium. 

10 

22. A method according to claim 20 or 21 wherein the said microorganisms are selected from the 
following species: AcidithiobacU/us caldus (Thiobacilius caldus): Acidithiobadilus thiooxidans 
(Thiobacilius thiooxidans): Acidithiobadilus ferrooxidans (Thiobacilius ferrooxidans); 
Acidithiobadilus acidophilus CThiobacillus acidophilus); Thiobacilius prosperus; Leptospinllum 

15 ferrooxidans: Ferromicrobium acidophilus: an6 Acidiphilium cryptum. 

23. A method according to any one of claims 1 to 16 which includes the step of bioleaching the slurry at a 
temperature of from 45^C to 60°C using moderate thermophile microorganisms. 

) 24, A method according to claim 23 wherein the microorganisms are selected from the following genus 
groups: Acidithiobadilus ffonmerly Thiobacilius); Acidimicrobium: Sulfobacillus; Ferroplasma 
(Ferriplasma); and AiicyclobaciUus. 

25. A method according to claim 23 or 24 wherein the said microorganisms are selected from the 
; following species: Acidlthiobacillus caldus fformeriy Thiobacilius caldus): Acidimicrobium 

ferrooxidans: Sulfobacillus acidophilus: Sulfobacillus disulfidooxidans: Sulfobacillus 
thermosulfidooxidans: Ferroplasma acidarmanus: Thermoplasma acidophilum; and AiicyclobaciUus 
addocaldrius. 
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tof^iy one of claims 1 to 16 which includes tfl^te 



26. A method acconjing iWm one of claims 1 to 16 which includes tfl^tep of bioleaching the slurry at a 
temperature of from 60"C to 85°C using thermophilic microorganisms. 

27. A method according to claim 25 wherein the microorganisms are selected from the following genus 
groups: Acidothermus: Sulfoiotus: Metallosphaera: Acidianus: Ferroplasma (Ferripiasma): 
Thermoplasma; and Picrophilus. 

28. A method according to claim 26 or 27 wherein the said microorganisms are selected from the 
following species: Sulfoiohus metaliicus; Suifoiobus addocaldahus; Sulfolobus 
thermosulfidooxidans: Acidianus infemus; Metallosphaera seduia; Ferroplasma acidarmanus: 
Thermoptasma acidophilum: Thermoplasma volcanium: and Picrophilus oshimae. 



29. A method of bioleaching a slurry containing precious metal beanng sulphide minerals which includes 
the steps of: 

(a) bioleaching the slurry using suitable microorganisms at a temperature in excess of 40°C, and 

(b) controlling the dissolved oxygen concentration in the slurry within a predetemriined range. 

30. A method according to claim 29 wherein the said dissolved oxygen concentration is controlled by 
controlling the supply of oxygen to the slurry. 

31. A method according to claim 30 wherein the oxygen is supplied to the slurry in the form of oxygen 
enriched gas or substantially pure oxygen. 



32. A method according to any one of claims 29 to 31 wherein the said temperature is in the range of 
from 60°C to 85''C. 



33. 



A method of enhancing the oxygen mass transfer coefficient from a gas phase to a liquid phase in a 
precious metal bearing sulphide mineral slurry which includes the step of supplying a feed gas 
containing in excess of 21% oxygen by volume, to the slurry. 
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34. A method according to claim 33 wherein the feed gas contains in excess of 85% oxygen by volume. 

35. A method according to claim 33 or 34 which includes the step of raising the temperature of the slurry. 

5 36. A method of bioleaching an aqueous slurry containing precious metal bearing sulphide minerals 
which includes the steps of: 

(a) bioleaching the slurry at a temperature above 40°C, and 

(b) maintaining the dissolved oxygen concentration in the slurry in the range of from 0.2 x 10"^ 

kg/m^ to 10 X 10*^ kg/m^ 

10 

37. A method according to claim 36 wherein the dissolved oxygen concentration in the slurry is 
maintained by supplying gas containing in excess of 21% oxygen by volume to the slurry. 

38. A method according to claim 36 or 37 wherein the temperature is in the range of from 60°C to 85°C. 

15 

39. A method of recovering a precious metal from an aqueous slurry which contains precious metal 
bearing sulphides which includes the steps of: 

(a) bioleaching the slurry at a temperature in excess of 40°C, 

(b) controlling the dissolved oxygen content in the slurry at a value in,the range of from 0.2 x 10"^ 
,0 kg/m^ to 1 0 x 1 0"^ kg/m\ and 

(c) recovering precious metal from a bioleach residue of step (a). 

40. A method according to claim 39 wherein in step (a) the temperature is in excess of 65'^C. 

5 41. A method according to claim 39 or 40 wherein, in step (b), the dissolved oxygen content is controlled 
by controlling the addition of gas which contains in excess of 21% oxygen by volume to the slurry. 



42. 



A method according to claim 41 wherein the gas contains in excess of 85% oxygen by volume. 
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A method according to any one of claims 39 to 42 wherein in step (c) the bioieach residue is 
suDjected to a separation step to produce residue solids and solution, and precious metal is 
recovered from the residue solids by at least one of the following: a cyanidation process, a resin-ln- 
pulp process, a carbon-in-puip process, and a carbon-in-leach process. 

A precious metal recovery system which includes a reactor vessel, a source which feeds a precious 
beanng metai sulphide mineral slurry to the vessel, an oxygen source, a device which measures the 
dissolved oxygen concentration in the slurry in the vessel, a control mechanism whereby, in response 
to the said measured dissolved oxygen concentration, the supply of oxygen from the oxygen source 
to the slurry is controlled to achieve a dissolved oxygen concentration in the slurry within a 
predetermined range, and a recovery plant which recovers precious metal from a bioieach residue 
from the reactor vessel. 

A system according to claim 44 wherein the oxygen source supplies oxygen in the fonm of oxygen 
ennched air or substantially pure oxygen to the slurry. 

-» 

A system according to claim 44 or 45 wherein the reactor vessel is operated at a temperature in 
excess of 60°C. 

A system according to any one of claims 44 to 46 wherein the recovery plant recovers precious metal 
by means of a cyanidation process and off-gas from the reactor vessel Is used in the cyanidation 

process. 
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